Thermophysical property measurement without container is used for high-temperature molten material. A microgravity environment is useful in order to achieve a containerless condition, and the levitation technique can also be used for containerless processing even on the ground. The purpose of this study is to establish a new measurement technique to measure viscosity in the moderate viscous range, which has no conventional measurement methods. In this study, a droplet is levitated by electrostatic force and induced to rotate. The dynamic behavior of the levitated droplet shape is observed, and the viscosity measurement is obtained by using breakup of the levitated droplet depending on the viscosity.
INTRODUCTION
Under a microgravity environment, liquid can be treated without a container due to weightless. Therefore, the thermophysical properties can be measured for high-temperature molten materials, which have no conventional measurement method (Ishikawa et al., 2010) . In the viscosity measurement of a levitated droplet, there are several methods that utilize the droplet deformation through oscillation or rotation. For lower viscosity, the resonant frequency of the droplet is measured by applying an external exciting force and the viscosity is calculated from the resonant frequency based on the droplet oscillation method (Lamb, 1932) . For higher viscosity, the shape relaxation method is used (Ohsaka et al., 2002) . However, there has been no method available to measure moderate viscosity of a droplet that ranges from 0.1 to 100 Pa · s because the applicable range of viscosity for these methods is limited.
The purpose of this study is to establish a new viscosity measurement method for a levitated droplet. In this study, a droplet was levitated by an electrostatic levitator in room temperature and under atmospheric pressure. The dynamic motion of the levitating droplet, which changed from an axisymmetrical to an asymmetrical shape, and eventually broke up, was observed experimentally. The relationship between the deformation of the rotating droplet and the viscosity was examined. Also, the principle of the liquid filament rheometer (LFR) was applied to the breakup deformation of the droplet, and a new viscosity measurement was invented.
EXPERIMENTAL APPARATUS
A conceptual diagram of the electrostatic levitation is shown in Fig. 1 . The electrostatic levitation apparatus is composed of a pair of cylindrical electrodes, high-voltage amplifiers, a laser, and a detector. First, a sample is placed on the tip of a needle located in the bottom electrode. Second, positive voltage is applied to the bottom electrode, and then the surface of the sample is charged positively. Third, negative voltage is applied to the upper electrode. Finally, Coulomb force lifts up the charged sample in the opposite direction to gravity. In this method, there is no restoring force on the sample; therefore, it is necessary to control the sample position. This is done by detecting the sample position with the laser and detector and adjusting the voltage of the upper electrode through a proportional/integral/derivative (PID) algorithm.
The experimental apparatus in this study is shown in Fig. 2 (Awazu et al., 2007) . The experiment was performed under normal pressure at room temperature. The droplet, which had a diameter that ranged from 2.0 to 2.6 mm, was levitated in the air. Rotation of the droplet was induced by a pair of orthogonally positioned acoustic drivers (Busse and Wang, 1981) . Standing waves were generated in a chamber, and the waves produced the torque on the droplet to induce rotation. The rotational angular velocity was controlled by adjusting the sound pressure. The behavior of the levitated droplet was observed by two high-speed video cameras. Video images were taken of both the upper side and the side of the droplet. The angular velocity of the droplet was measured by observing a tracer particle. Nylon particles that were 9-13 µm in diameter were employed and mixed in the droplet before its levitation. The test fluids are given in Table 1 . The density was the value given in the literature. The surface tension and viscosity measurement values were measured by the Pendant drop method and Ubbelohde viscometer, respectively. At first, propylene carbonate was levitated and its rotation was observed. Furthermore, for the viscosity measurement the same experiment was performed with mixed liquids using glycerol and glucose in the range of 0.1-100 Pa · s. 
RESULTS AND DISCUSSION

Observation of the Rotation of the Levitated Droplet
The rotation of the levitated droplet was observed in the experiment. Several lengths of the droplet are defined in Fig. 3 , which shows the upper side and defines each length of the droplet. The initial diameter and radius are defined as D 0 and R 0 , respectively. After the droplet shape is deformed by rotation, the midpoint diameter, the length between the center and gravity point, and the maximum length in the horizontal direction are defined as D mid , R, and L max , respectively. The relationship between the dimensionless angular velocity and dimensionless maximum length in the horizontal direction is shown in Fig. 4 . The horizontal axis is the angular velocity (Ω) divided by the initial resonant frequency (ω 0 ) and the vertical axis is the maximum length in the horizontal direction (L max ) divided by the initial diameter (D 0 ). In Fig. 4 , the plots are the experimental results and the line is the result of the numerical simulation (Brown and Scriven, 1980) . In 
FIG. 4:
Relationship between the angular velocity and maximum length in the horizontal direction.
at 9.3 Pa · s. First, the levitated droplet had a spherical shape (a). As the angular velocity increased, it was deformed to elliptic (b) and dumbbell (c) shapes. Finally, it broke up into two droplets (d) and (d'). The experimental result at 0.0026 Pa · s corresponds to result of the numerical simulation by Brown and Scriven (1980) . On the other hand, the experimental result of 9.3 Pa · s is different from the other results, especially just before breakup. Furthermore, the pictures of the breakup of various viscous droplets are shown in Figs. 5-9. These results suggest that the viscosity should affect the breakup behavior.
Derivation of the Equation for the Viscosity Measurement
The dependence of viscosity on the breakup behavior is considered to apply to the viscosity measurement. A similar system to measure viscosity had been established with a LFR (Mckinley and Tripathi, 2000) . The LFR is equipment used to form a liquid column between two plates. The distance between two plates is spread rapidly, and then the center of the liquid column is contracted and breaks up. By measuring the time series of the midpoint diameter, the viscosity can be estimated, which focuses on the force balance at the midpoint of the liquid column. This is shown in the following equation, derived in Mckinley and Tripathi (2000) :
where η, R mid , F z , T, σ, ρ and R 0 are the viscosity, midpoint radius, extensional force in the z axis, elastic stress, surface tension, density, and initial radius, respectively. In Eq. (1), the left-hand side is the viscosity stress and the right-hand side is the extensional stress, elastic stress, capillary pressure, and gravity. To apply the LFR principle to the viscosity measurement for a levitated drop, the following assumptions are put into Eq. (1):
where m, Ω and R are the mass, angular velocity, and length between the center and gravity point in the horizontal direction (z axis), respectively. In the case of the breakup of a levitated droplet, extensional force can be considered as centrifugal force by rotation [Eq. (2) (1) and the aforementioned assumptions, the force balance at the midpoint of the rotational levitated droplet is expressed as follows:
Furthermore, the terms on the left-hand side, except for viscosity η, are moved to right-hand side, and the following equation used to calculate the viscosity is derived:
where η c , D mid , and t are the calculated viscosity, midpoint diameter, and time, respectively. If the terms on the right-hand side in Eq. (7) are measured in the experiment, the viscosity can be calculated. This process is shown in the next section.
Surface Tension Measurement
The surface tension of the levitated droplet was measured with the method suggested in Elleman et al. (1988) . In this method, surface tension σ is calculated by the following equation:
where ρ, R 0 , and Ω trans are the density, initial radius, and angular velocity at the transition point, respectively. The transition point is the deformation of the droplet shape from symmetry to asymmetry, as shown in the pictures of its upper side in Fig. 10 . Near the transition point, the relationship between the dimensionless angular velocity and dimensionless maximum length in the horizontal direction is shown in Fig. 11 . With this experimental result, the surface tension was calculated as shown in Fig. 12 . The horizontal axis is the correct value of the surface tension shown in Table 1 , and the vertical axis is the calculated value from Eq. (8). The results for the 1.0, 4.8, 9.3, and 11 Pa · s droplets were lower than the correct value by 20% because the transition of droplet shape occurred at Ω trans < 0.559. On the other hand, the result for the 21 Pa · s droplet roughly corresponds with the correct value. It is considered that the measurement error was caused by the viscosity effect. In all experiments, the acoustic wave used to induce droplet rotation was generated at the same torque. It is possible the droplet that was less than 21 Pa · s was deformed from the symmetry to the asymmetry shape before the correct transition point due to the external force of the acoustic wave, while the 21 Pa · s droplet deformed at the correct transition point because of its high viscosity.
Measurement of the Angular Velocity and Length just before Breakup of the Levitated Droplet
The deformation of the droplet just before breakup was observed and the experimental result suggests that the viscosity has a remarkable effect at the point. A time series of angular velocity Ω and the length between the center and gravity
FIG. 10:
Top view of levitated droplet at transition point.
FIG. 11:
Relationship between the angular velocity and length around the transition point.
point R just before breakup are shown in Figs. 13 and 14 , respectively, where the horizontal axis at 0 s indicates the time that the droplet broke up. For example, the side view of the 4.8 Pa · s droplet is shown in Fig. 13 . As the dumbbell-shaped droplet elongated, the angular velocity decreased. On the other hand, the droplet length increased until breakup.
Measurement of the Midpoint Diameter and the Time Ratio of Its Change
The time series of midpoint diameter D mid is shown in Fig. 15 , which shows that it decreased until breakup. Furthermore, it was necessary to determine the time rate of its change (dD mid /dt) to calculate the viscosity. However, it is
FIG. 12:
Result of the surface tension measurement.
FIG. 13:
Time series of the dimensionless angular velocity.
supposed that dD mid /dt changes depending on the time before breakup. To examine the point when the viscosity has the most effect on deformation, the force balance at the midpoint of the levitated droplet was examined by Eq. (6), in which the left-hand side shows the viscosity stress and the right-hand side shows the centrifugal stress and capillary pressure. As one example, each term in Eq. (6) estimated for 11 Pa · s shown in Fig. 16 . To focus on the viscosity effect, the relative viscosity stress (F visc /F else ), which is the left-hand side divided by right-hand side in Eq. (6), is shown in Fig. 17 and estimated by the following equation:
FIG. 14: Time series of the dimensionless length between the center and gravity point.
FIG. 15:
Time series of the dimensionless midpoint diameter.
In Fig. 17 , the dimensionless midpoint diameter (D mid /D 0 ) is shown. Relative viscosity stress F visc /F else reaches the maximum value of about 0.9 at -0.06 s. In other words, the viscosity stress becomes equal to the other stress roughly at -0.06 s; which proves that the viscosity effect turns remarkable just before breakup. Therefore, it is appropriate when measuring the time rate of change of midpoint diameter dD mid /dt to measure it at the point where the viscosity has the greatest effect on deformation. Here, dD mid /dt is defined by the slope in the time series of the midpoint diameter by determination coefficient r 2 , which is shown in Fig. 18 and calculated by the following equation:
On the right-hand side of Eq. (10), the denominator is the sum of the square of the difference between D mid measured in the experiment and its average and the numerator is the sum of the square of difference D mid predicted by the leastsquares method and the average of the experiment result. Determination coefficient r 2 is the dimensionless number represented by 0-1. In this case, it indicates the degree of linearity, fit between the experiment result and the predicted value of midpoint diameter D mid . Therefore, the point viscosity that has the greatest effect can be examined because the slope at maximum r 2 is the most linear due to the viscosity. The points at maximum r 2 and dD mid /dt examined in the aforementioned process are shown in Table 2 , and these results are used to calculate the viscosity in next section.
Calculation of the Viscosity of the Levitated Droplet
The result of the viscosity measurement obtained by Eq. (7) is shown in Fig. 19 . The horizontal axis is the correct value of the viscosity measured with the Ubbelohde viscometer as shown in Table 1 , and the vertical axis is the value measured in this study. The result has an error of about ±30%. Some causes of the measurement error are considered. In the derivation of Eq. (7) for the viscosity measurement some assumptions [especially for Eqs. (2) and (4)] may have partly caused measurement errors. In addition, there are forces that should have been considered in the derivation; for example, the Coulomb force to levitate the droplet, the torque of the acoustic wave to induce the droplet to rotate, and so on. It is possible that these may cause measurement errors. A new viscosity measurement using the breakup of a rotating droplet was invented. A scheme of the method is shown in Fig. 20 . The method has been verified and can be applied to a levitated droplet with moderate viscosity, which has no conventional measurement method. It is expected that this measurement method will be more accurate if the aforementioned problems can be solved.
CONCLUSIONS
-Rotation of a levitated droplet was observed with an electrostatic levitator. It was shown that the deformation of the rotational levitated droplet differed due to the viscosity especially just before breakup.
FIG. 20:
Flow chart of the viscosity measurement invented in this study. -This study invented a new viscosity measurement with breakup of a levitated droplet by rotation, and roughly measured the viscosity in the moderate viscous range, which has no conventional measurement method.
